Historically, stored product insect pest management has been based around the use of methyl bromide and phosphine as fumigants. However, methyl bromide has been phased out for structural fumigations, and there is increasing worldwide insecticide resistance to phosphine. One potential alternative, environmentally friendly option is the use of methyl benzoate (MBe), which is considered a food safe compound. In this study, we evaluated the direct and sublethal effects of MBe exposure on the survivorship and mobility of four stored product species with diverse life histories, including Rhyzopertha dominica, Tribolium castaneum, Sitophilus zeamais, and Trogoderma variabile. Sets of insects were exposed to a control, low, or high MBe concentrations in flasks with or without food for 24 or 72 h in the laboratory. Furthermore, we assessed phosphine exposure under similar conditions. Overall, R. dominica was the most susceptible to MBe exposure, followed by T. castaneum. By contrast, S. zeamais and T. variabile were relatively unaffected by MBe exposure. Exposure to MBe induced multiple-fold decreases in the total distance moved and velocity of adults still considered alive or affected after assays. By comparison, phosphine effectively killed all individuals of all species. Our data suggest that while MBe was effective for R. dominica, it was not competitive in comparison to phosphine for controlling susceptible strains of these species at the specified experimental conditions.
The stored product industry is enormous, accounting for over US$100 billion in economic output for the United States alone (USDA-NASS 2017) . Insects are one of the most pervasive problems for food facilities, accounting for 5-10% losses in developed countries, and 35-75% losses in developing countries (Boxall 2001 , Hodges et al. 2011 . Historically, stored products pest management has heavily relied on fumigants to control insects in bulk commodities, packaged materials, and structures. The two main fumigants have been methyl bromide and phosphine. Methyl bromide was highly effective and quick-acting, but like other fumigants, also highly toxic to mammals (Hagstrum and Phillips 2017) . However, the use of methyl bromide was discontinued after its designation as an ozone-depleting compound by the Montreal Protocol on a phased schedule for developed countries and developing countries. There is still a limited use of methyl bromide for quarantine and preshipment applications. Over the last few decades, there has been a concerted effort to find methyl bromide alternatives (reviewed in Fields and White 2002) . These have included investigating alternative fumigants such as sulfuryl fluoride (Opit et al. 2016) , ethyl formate (Haritos et al. 2006) , hydrogen cyanide (Rambeau et al. 2001) , and nitric oxide (Liu 2013) . However, all of these have drawbacks of various kinds. For example, at low concentrations, sulfuryl fluoride has difficulties controlling egg stages, and as a result, more costly high concentrations are needed for complete control of all developmental stages. Ethyl formate is only used in a handful of countries, penetrates commodities poorly, and high concentrations are required (Haritos et al. 2006) . Similarly, hydrogen cyanide has difficulty penetrating commodities and shows variable efficacy against different life stages (Rambeau et al. 2001) . Other alternatives to fumigants altogether have also been investigated, including contact insecticides (Athanassiou et al. 2004 , Kavallieratos and Boukouvala 2018 , Kavallieratos and Boukouvala 2019 , aerosols (Arthur 2012) , heat or cold (Fields et al. 1992 , Roesli et al. 2003 , Arthur and Casada 2010 , pheromones for control of moths (Trematerra et al. 2011 , Trematerra et al. 2013 , long-lasting insecticide netting (Morrison et al. 2018) , and sanitation (Morrison et al. 2019) .
For its part, phosphine is still a widely used fumigant and is the most commonly used one today for stored products. Phosphine is typically available as aluminum or magnesium phosphide tablets or in cylinderized form as a gas with carbon dioxide or nitrogen (Navarro 2006) . For instance, a total of 90-97% of the on-and off-farm storage sites in the California rice industry reported that they fumigated after finding insects (Espino et al. 2014) . Some drawbacks of phosphine use include the fact that it takes several days of exposure to achieve a similar level of control to methyl bromide, and that exposure to phosphine corrodes copper and copper alloys, which poses a risk to electrical equipment (Navarro 2006) , which complicates use as a structural treatment for facilities. In addition, phosphine has high mammalian toxicity, making it hazardous to work with during large-scale fumigations, especially in confined spaces, because it has a similar density to air. Perhaps more importantly, there has been a global rise in resistance to phosphine by a range of stored product insects (Zettler et al. 1989 , Benhalima et al. 2004 , Pimentel et al. 2009 , Jagadeesan et al. 2012 , Opit et al. 2012 , Nayak et al. 2017 , Afful et al. 2018 . Finally, Bond (1984) listed 16 fumigants in common use in the 1980s, but only very few of these remain in use today, because many have been withdrawn or discontinued on the basis of environmental safety, worker safety, or cost. This has left a gap in available tactics for food facility managers.
One possible alternative fumigant may be methyl benzoate. Methyl benzoate (MBe) is a volatile ester compound and one of the most abundant odor compounds in snapdragon flowers (Kolosova et al. 2001) . MBe has been employed as a fragrance in the perfume industry (Bickers et al. 2003) and is considered a foodgrade safe compound approved by both the U.S. Food and Drug Administration (21 CFR 172.515; FDA 2015) and European Union (EU Regulation 1334 /2008 & 178/2002 EU 2015) for use as flavoring and as an adjuvant. Prior work has demonstrated that MBe is 5-20 times more toxic than the conventional pyrethroid β-cyfluthrin, a sulfur & pyrethrin mixture, and organic mixtures of essential oils to Halyomorpha halys (Stål) (Hemiptera: Pentatomidae), Manduca sexta (L.) (Lepidoptera: Sphingidae), and Plutella xylostella (L.) (Lepidoptera: Plutellidae) (Feng and Zhang 2017) . Compared against other volatile compounds such as terpineol, α-terpinene, cineole, and α-pinene, MBe was the most lethal to adult Drosophila suzukii (Matsumura) (Diptera: Drosophilidae) after exposure to treated blueberries for 48 h (Feng and Zhang 2017) . Furthermore, MBe was successful at inducing mortality as a fumigant for the imported red fire ant, Solenopsis invicta Buren (Hymenoptera: Formicidae) (Chen et al. 2019) . Importantly, MBe has only ever been assessed against one stored product insect, Callosobruchus chinensis L. (Coleoptera: Chrysomelidae), and it was found to have the third highest fumigant toxicity out of 10 studied compounds (Park et al. 2016) . Currently, it is unknown how other stored product insects respond to MBe as a fumigant.
There are a variety of important stored product insects that attack commodities in different types of food facilities, and these represent a diversity of life histories. For example, lesser grain borer, Rhyzopertha dominica (Coleoptera: Bostrichidae), are considered a serious primary pest that attacks whole grain kernels in bulk storage conditions (Hagstrum and Subramanyam 2006) . The species is a strong flier, but weak walker (Mahroof et al. 2010) . Rhyzopertha dominica is present in the landscape, even far from food facilities (Ridley et al. 2016) , and may utilize natural refugia (Jia et al. 2008) . In insecticide assays, nonresistant R. dominica tends to be the highly susceptible when a variety of species are considered (e.g., Price and Mills 1988) . The maize weevil, Sitophilus zeamais (Coleoptera: Cucurlionidae), while also a primary pest, is by contrast a strong walker and climber, capable of moving 330-860 cm in a half an hour ), but is a poor flier. It tends to fall somewhere in the middle on susceptibility to chemical control measures. Common secondary pests include red flour beetle, Tribolium castaneum (Coleoptera: Tenebrionidae), and warehouse beetle, Trogoderma variabile (Coeloptera: Dermestidae), which are usually located in or adjacent to food facilities (Campbell and Mullen 2004) , but there can be variation among facilities, see Ridley et al. (2011) . Tribolium castaneum tends to be a strong walker, whereas T. variabile is a weak walker (Hagstrum and Subramanyam 2006) , but a fairly strong flier. Both T. castaneum adults and T. variabile larvae tend to be less susceptible to insecticides than other species. Together, these species represent a large diversity of taxa, life histories, dispersal capacities, and a wide spectrum of susceptibility to insecticides. Thus, in this study, our goal was to assess the ability of MBe to act as a fumigant for this suite of stored product insects in the laboratory and understand its efficacy relative to the commercially available phosphine.
Materials and Methods

Source Insects
A field-collected strain of T. castaneum from 2012 (Hudson, KS) was reared on organic unbleached flour and 5% brewer's yeast. A fieldcollected strain of R. dominica from 2012 (Russell, KS) and fieldcollected strain of S. zeamais (central Kansas) from 2012 was reared on organic whole wheat. Trogoderma variabile individuals were from a field-derived strain in 2016 (eastern KS) that had been continuously reared on pulverized dog food (300 g SmartBlend, Purina One, Vevey Switzerland), with rolled oats, and a moistened paper towel on top in a 800-ml mason jar. All colonies were maintained at 27.5°C, 60% RH, and 14:10 (L:D) h. For each assay, 4-to 8-wk-old adults (T. castaneum, R. dominica, and S. zeamais) or 7-to 8-wk-old immatures (T. variabile) were used.
Treatment Preparation
Methyl benzoate (MBe) was obtained from a commercial supplier (99% purity; MilliporeSigma, St. Louis, MO). The low (1.93 mg l −1 , diluted with acetone) and high concentration (3.86 mg l −1 , neat) of MBe consisted of 2 μl of the compound applied in both cases for assays below. A dose of 57.9 mg l −1 (neat 15 μl) of MBe was used to assess maximum lethality in the corresponding assay. This study compared fumigation with MBe to a low (150-200 ppm) or high (600-850 ppm) phosphine concentrations that were created by using aluminum and magnesium phosphide tablets (Degesch America, Inc., Weyers Cave, VA), respectively. Controls consisted of the addition of the same amount of 2 μl of acetone for the MBe assays, 15 μl of acetone for the assessment of maximum lethality assay by MBe, or ambient air for the phosphine assays.
Methyl Benzoate Fumigation Assays-Direct Effects
Sets of 20 mixed sex adults for each species above were added to 250-ml Erlenmeyer flasks. Flasks were provided with or without food. Food consisted of 3.0 ± 0.5 g of flour (T. castaneum adults), the same amount of pulverized dog food (T. variabile larvae), or 20 ± 0.5 g of organic whole wheat for R. dominica (adults) and S. zeamais (adults). In each case, the amount was sufficient to form a fine, contiguous layer of food on the bottom of the flask by spreading it evenly. The insects were exposed for 24 or 72 h to the control, low, or high MBe concentrations described above. These times were chosen, because 72 h is the typical maximum duration of a commercial phosphine fumigation, whereas 24 h would be a typical minimum duration (Bell 2000) . A diluted or neat volume of 2-μl MBe was added with a Hamilton syringe (2-μl capacity, Hamilton Company, Reno, NV) to the inside surface of a piece of parafilm, which was placed with the compound or solvent side oriented ventrally into the flask. The necks of the flasks were coated with a thin layer of liquid Teflon (Millipore Sigma, Inc.) using a cotton swab to prevent insects from directly contacting the treatments. During the exposure period, flasks were held in an environmental chamber at 30°C, 60% RH, and 14:10 (L:D) h. At the end of the assay, individuals were recorded as alive, affected, or dead according to prior definitions (Morrison et al. 2018) . To briefly summarize, affected were defined as individuals moving sluggishly or drunkenly, usually with difficulties righting themselves, or on their backs with twitching movements of legs or antennae. Dead individuals were completely immobile (no movement), whereas alive individuals walked at species-appropriate speeds that were visually approximated based on prior experience, were easily able to right themselves, and exhibited no twitching. There were a total of n = 8 replicates per treatment combination.
Phosphine Fumigation Assays
Phosphine concentration measurements from a large group of flasks are challenging to monitor, so a modified technique was used. Sets of 20 adults were placed in gas-permeable plastic tubes (9.5 × 1.5 cm L:D; Bell 2000), corked and sealed with parafilm on the end. These tubes were supplied with food (2.5 ± 0.1 g flour for T. castaneum or 3.0 ± 0.1 g wheat for the other species) or lacked it entirely. Three barrels, each 208 liters, were half-filled with ~50 kg of wheat and placed inside an empty grain bin (125-ton capacity) located at the USDA-ARS Center for Grain and Animal Health Research in Manhattan, KS. A set of tubes holding live insects were placed at surface level of each drum. Additionally, wireless phosphine sensors (Centaur Analytics, Inc., Ventura, CA) were placed into each drum to record the concentration and temperature over the trials. Measurements were recorded 6 times per hour and sent by cellular signal to remote web-enabled software for later analysis. The drums were treated to supply control (e.g., 0 ppm), low, and high concentrations of phosphine. For the low concentration treatment (~ 200 ppm), three 8% magnesium phosphide pellets were placed onto a plastic dish with a damp paper towel. These pellets were part of the chemicals supplied from Phosphine Resistance Test Kits (Detia-Degesch, Detia Freyberg, GmbH, Germany). For the high concentration treatment (~700 ppm), a single Phostoxin pellet (Degesch America, Weyer Cave, VA) was placed on top and center of the wheat. The tops of the drums were sealed with lids. Fumigations lasted for either 24 or 72 h at each of the concentrations above. At the end of the period, the drums were carefully vented and flushed with fresh air to exhaust the toxic gas, then the tubes were removed, and the condition of the insects was recorded as above. Replication occurred over time. There were a total of n = 3 replicates per treatment combination.
Methyl Benzoate Fumigation Assay-Sublethal Effects
To analyze possible sublethal effects of MBe fumigation, additional replicates of the MBe Direct Effects Assay above were run. Only adults or immatures that were classified as affected or alive were used for assessing sublethal effects. Sets of six adults or immatures were placed individually in 100 × 15 mm Petri dishes containing an 85 mm piece of filter paper (#1, Whatman Filter Paper, GE Healthcare, Chicago, IL) adhered to the surface with double-sided tape to improve traction for insects. The dishes were backlit to improve contrast with a 42 × 30 cm artist's illustration board (Litup, Shenzhen, China). The Petri dishes were immobilized with a white foam board. The movement of the insects was tracked with a network camera (GigE, Basler AG, Ahrenburg, Germany) suspended 80 cm above the dishes, which streamed video to a computer. The movement of insects was recorded for a 2-h period. The total distance moved, and average velocity was calculated using Ethovision Software (v. 14.0, Noldus, Inc., Leesburg, VA). Movements were only recorded if insects moved more than 1 cm in order to avoid cursor bounce by the tracking system. A total of n = 24-37 replicates were performed per treatment combination, for a total of 144-221 individuals tested for each species. Based on preliminary data, R. dominica was excluded from this assay because of its susceptibility to MBe.
Determination of Maximal Lethality From Methyl Benzoate
To evaluate the maximum possible lethality, a much higher dose of MBe was tested on the most resistant insects, namely, T. castaneum, S. zeamais, and T. variabile. Similar to the MBe Direct Assay, sets of 20 insects were exposed to the maximum dose described above for 24 h in 250-ml Erlenmeyer flasks with food present using the parafilm method described above. A total of 15 μl of neat MBe were added for treatment flasks, while 15 μl of acetone were added to the control flasks. Flasks were held in environmental chambers at 30°C, 60% RH, and 14:10 (L:D) h. The number of adults alive, affected, or dead at the end of the period were recorded. There was a total of n = 8 replicates per treatment combination and species.
Determination of Methyl Benzoate LC 50 for R. dominica
After preliminary results indicated that R. dominica was the most susceptible species, an LC 50 was determined to gauge how realistic the use of MBe would be to manage this pest. In addition to including the control, low, and high concentrations described from above, the following concentrations were tested per flask: 7.72, 15.44, 30.88 mg l −1 . The maximal dose was not tested, because there was full mortality under this range of concentrations. In each case, sets of 20 adult R. dominica were exposed to the concentrations for 24 h in the presence of food in 250-ml Erlenmeyer flasks using the parafilm method. The flasks were held under constant conditions in an environmental chamber at 30°C, 60% RH, and 14:10 (L:D) h. The total number of adults that were alive, affected, or dead at the end of the trial was recorded. There were n = 8 replicates per concentration.
Statistical Analysis
The data from the MBe Direct Effects Assay and Phosphine Fumigation Assay were analyzed using a separate linear model for each species and assay. The percentage of alive insects per flask were logit-transformed to fulfill the assumptions of a normal distribution (Warton and Hui 2011). Three independent, explanatory variables were included in the model, including the concentration of MBe or phosphine (control, low, and high), the exposure time (24 or 72 h), and the presence of supplemental food (yes or no), as well as the three-way interaction. Upon a significant result from the model, Tukey HSD was used for multiple comparisons among levels of a factor. For this test and all others, R Software was used to analyze the data at α = 0.05, unless otherwise noted.
Similarly, to analyze the data from the MBe Sublethal Effects Assay, a separate three-way linear model was used for each species and response variable. The response variables consisted of the total distance moved or average velocity over the 2-h sampling period for each individual. Independent, explanatory variables included the concentration of MBe (control, low, and high), the exposure time (24 or 72 h), and the presence of supplemental food (yes or no), as well as the three-way interaction. Inspection of residuals indicated no deviation from the assumptions of normality and homogenous variances; thus, no transformation was required. Upon a significant result from the model, Tukey HSD was used for pairwise comparisons.
To analyze the maximal lethality induced by a maximal dose of MBe, separate Bonferroni-corrected t-tests for the most resistant stored product species (T. castaneum, S. zeamais, and T. variabile), which used the logit-transformed percentages of adults alive at the end of the exposure period. Comparisons were between the percentage of alive insects after exposure to the control or maximal dose of MBe.
To determine the LC 50 for R. dominica, results were pooled and analyzed with Poloplus (LeOra Software Co., Petaluma, CA) using log-probit analysis to determine values after 24 h.
Results
Methyl Benzoate Fumigation Assays-Direct Effects
The number of alive R. dominica adults remaining at the end of the trials was significantly affected by the different concentrations of MBe in the flask (F = 475; df = 2, 86; P < 0.0001), with 3-fold to 6-fold more adults alive in the controls compared with the low and high MBe concentrations, respectively ( Figs. 1 and 2) . The presence of food during fumigation also significantly affected the survivorship of R. dominica adults (F = 259; df = 1, 86; P < 0.0001). In particular, the presence of food increased the number of adults remaining alive in the MBe treatments by 323-fold. However, increasing the exposure time from 24 to 72 h did not significantly affect the survivorship of adult R. dominica (F = 0.74; df = 1, 86; P = 0.39), with an average of 48-50% of adults alive after 72 and 24 h ( Figs. 1 and 2) . The three-way interaction between concentration of MBe, presence of food, and the exposure time was significant (F = 19.5; df = 5, 86; P < 0.0001), suggesting that these all may modulate the efficacy of MBe. For example, there appeared to be numerically more R. dominica alive after 72 than 24 h, suggesting either physiological adaptation or potentially decreasingly MBe concentrations in the flask over time. Furthermore, in the presence of food, the low concentration of MBe was twice as effective at reducing the survivorship of R. dominica when adults were exposed for 72 h compared with when they were exposed for only 24 h ( Figs.  1 and 2, Tukey HSD) .
Similarly, the survivorship of T. castaneum adults was significantly affected by the concentration of MBe (F = 69.8; df = 2, 86; P < 0.0001; Figs. 1 and 2) . For example, there were 1.6-1.9 times more adults remaining alive in control flasks compared with those containing a low or high concentration of MBe. Moreover, the presence of food in the flask significantly affected survivorship of T. castaneum (F = 218; df = 1, 86; P < 0.0001), with 6.6 times more adults alive when food was present than when it was absent. Unlike R. dominica, the exposure time to MBe significantly affected the survivorship of T. castaneum (F = 6.84; df = 1, 86; P < 0.05). The effect size of exposure time was marginal and in the opposite of the expected direction, with an average increase of 7% in survivorship in the 72-h exposure compared with the 24-h exposure. Finally, there was also a significant three-way interaction between the variables (F = 20.1; df = 5, 86; P < 0.0001). However, this appeared to be primarily a quantitative interaction, as the direction of the effects remained consistent across variables ( Figs. 1 and 2, Tukey HSD) .
Likewise, the concentration of MBe in flasks significantly affected the number of S. zeamais adults remaining alive at the end of the trial (F = 66.0; df = 2, 86; P < 0.0001; Figs. 1 and 2) . In particular, the low MBe concentration only reduced survivorship by 10%, whereas the high MBe concentration reduced the number of alive adults by 60% compared with controls. The presence of food significantly decreased the efficacy of MBe fumigation (F = 79.5; df = 1, 86; P < 0.0001), with survivorship in the presence of food roughly doubled compared with without food. Similar to T. castaneum, increased exposure time only resulted in a modest, but significant 5% decrease in the survivorship of S. zeamais (F = 4.79; df = 1, 86; P < 0.05). Finally, there was a significant interaction between the concentration of MBe, presence of food, and the exposure time on the survivorship of adults (F = 19.5; df = 5, 86; P < 0.0001).
By contrast to the other stored product species, T. variabile larvae were not significantly affected by the concentration of MBe present (F = 1.93; df = 2, 86; P = 0.15; Figs. 1 and 2) . The number of adults remaining alive ranged from 97 to 100% in the high MBe and control flasks, respectively. Likewise, the presence of food did not affect the survivorship of larvae (F = 0.81; df = 1, 86; P = 0.37), with the average number of larvae remaining alive varying between 95% survivorship in flasks without food and 99% survivorship those with food. Additionally, the exposure time to MBe did not significantly affect the survivorship of T. variabile (F = 0.74; df = 1, 86; P = 0.39), which was 98% survivorship in both cases. Finally, the three-way interaction between these variables was not significant (F = 1.86; df = 5, 86; P = 0.11).
Phosphine Fumigation Assays
The mean (±SE) temperature in the storage bin during the 24-h fumigation was 28.4 ± 0.7°C (Fig. 3) , whereas the mean temperature during the 72-h fumigation was 26.5 ± 0.4°C (Fig. 4) . The mean phosphine concentrations achieved during the 24-h fumigation were 0.6 ± 0.2, 189 ± 11, and 708 ± 54 ppm (Fig. 3) for the control, low, and high treatments, respectively. Similarly, the mean phosphine concentrations during the 72-h fumigation were 0.4 ± 0.1, 175 ± 4, and 598 ± 23 ppm (Fig. 4) for the control, low, and high treatments, respectively. The addition of phosphine, regardless of whether it was at a low or high concentration, resulted in complete mortality of R. dominica, T. castaneum, S. zeamais, and T. variabile (Figs. 1 and  2) , whereas there was 100% survival in the controls. This was true regardless of whether food was present in the tubes or the duration of exposure to phosphine. Because variance for survivorship was zero within several of these factors, it was not possible to reasonably calculate interpretable F-statistics and corresponding P-values.
Methyl Benzoate Fumigation Assay-Sublethal Effects
The concentration of MBe in the flasks significantly affected the total distance moved by T. castaneum adults (F = 40.1; df = 2, 281; P < 0.0001; Figs. 5 and 6). Specifically, there was a 1.7-2.2-fold decrease in the distance moved under low and high concentrations of MBe, respectively, compared with controls. The presence of food in the flask also significantly affected the distance moved by alive and affected adults (F = 108; df = 1, 281; P < 0.0001), with adults moving 2.5 times less in flasks without food than with food ( Figs. 5 and 6 ). The exposure time to MBe did not affect the distance moved by T. castaneum (F = 0.16; df = 1, 281; P = 0.69), with adults moving an average of 622-701 cm after 24-and 72-h fumigations. Nonetheless, there was a significant three-way interaction between these variables on the distance moved (F = 9.60; df = 7, 281; P < 0.0001). In particular, there were pronounced sublethal 2.5-15000-fold decrease in movement for adults in flasks without food at the low and high concentrations of MBe, whereas these effects were lacking or attenuated in the presence of food ( Figs. 5 and 6, Tukey HSD) .
Likewise, the concentration of MBe in the flasks significantly affected the velocity of alive and affected T. castaneum adults after exposure (F = 44.1; df = 2, 281; P < 0.0001), with adults moving 2-2.4-fold slower in the low and high MBe treatments compared with controls ( Figs. 5 and 6) . Moreover, the presence of food affected the velocity of adults (F = 82.6; df = 1, 281; P < 0.05); adults in flasks with food moved 2.2 times faster than flasks without food. The exposure time did not affect the velocity of T. castaneum (F = 0.13; df = 1, 281; P = 0.72), with about 0.1 cm/s regardless of exposure time. Finally, there was also a three-way interaction of these variables on velocity of adults (F = 10.3; df = 7, 281; P < 0.0001). For example, sublethal effects of MBe exposure seemed to be mediated by the presence of food, with adults moving 2.5-19,000-fold slower in the absence of food at low and high MBe concentrations (Fig. 6) .
Similarly to T. castaneum, exposure to MBe significantly affected the mean distance moved by S. zeamais (F = 31.5; df = 2, 150; P < 0.0001; Figs. 5 and 6), with movement of adults reduced by a mean of 42-62% when exposed to low or high MBe concentrations compared with controls. Furthermore, the presence of food during exposure also significantly affected the distance moved by adults (F = 9.20; df = 1, 150; P < 0.01). Adult S. zeamais moved almost 30% less far when food was absent compared with when food was present during exposure. The exposure time also significantly affected the distance moved by adults (F = 4.97; df = 1, 150; P < 0.05), with individuals exposed to MBe for 72 h moving about 18% more compared with 24 h, but this may not be biologically relevant. Finally, there was also a significant three-way interaction between the variables (F = 3.27; df = 7, 150; P < 0.05), with sublethal changes in movement mediated by the presence of food at low MBe concentrations especially under shorter exposure times, but not at high MBe concentrations for either exposure duration.
The velocity of S. zeamais adults was also significantly affected by MBe exposure (F = 31.7; df = 2, 150; P < 0.0001; Figs. 5 and 6), with a 42-61% reduction in velocity under low and high MBe exposure compared with controls. The presence of food during fumigation also significantly affected the velocity of adults (F = 9.57; df = 1, 150; P < 0.01), with a 28% reduction in velocity in the absence of food for those remaining alive or affected. The exposure time slightly, but significantly affected the velocity of S. zeamais adults (F = 4.46; df = 1, 150; P < 0.05), with individuals moving 16-33% faster under 72 h MBe exposures compared with 24 h ones. Finally, there was also a significant three-way interaction between the variables (F = 3.97; df = 7, 150; P < 0.001). In particular, sublethal changes in movement were mediated by the presence of food at low MBe concentrations under shorter exposure times, but not at high MBe concentrations for either exposure duration.
By contrast, MBe fumigation did not affect the distance moved (F = 0.31; df = 2, 150; P = 0.73) or velocity (F = 0.79; df = 2, 150; 5 and 6) . The presence of food during fumigation also had no effect on distance moved (F = 0.2.31; df = 1, 150; P = 0.13) or velocity (F = 0.43; df = 1, 150; P = 0.51) of larvae. Additionally, there was no significant effect of exposure time on either movement parameter (distance moved: F = 1.37; df = 1, 150; P = 0.24; velocity: F = 0.17; df = 1, 150; P = 0.68). Finally, there was no significant three-way interaction for either response (distance moved: F = 1.52; df = 7, 150; P = 0.16; velocity: F = 1.61; df = 7, 150; P = 0.14).
Determination of Maximal Lethality From Methyl Benzoate
The maximum dose tested in this study significantly affected the number of T. castaneum remaining alive after 24 h, even in the presence of food (t = 22.4; df = 14; P < 0.0001; Fig. 7) . In particular, there were over 9 times more adults alive in the control than the MBe-treated flasks. Similarly, the maximum dose of MBe also significantly affected the number of S. zeamais alive after the exposure period (t = 707; df = 14; P < 0.0001; Fig. 7) , with no surviving adults left in the MBe-treated flasks, whereas all the adults were still alive in the control flasks. By contrast, immature T. variabile were not affected by the presence of the maximum dose of MBe (t = 0.89; df = 14; P = 0.39; Fig. 7) , with between 98 and 100% of larvae alive regardless of treatment.
Determination of Methyl Benzoate LC 50 for R. dominica
As the concentration of MBe to which R. dominica adults were exposed increased, the number of dead individuals asymptotically increased, the number of alive adults roughly linearly declined, and the number of affected adults parabolically peaked at 1 mg of MBe per flask (Fig. 8) . By 4 mg of MBe per flask, there were no alive adults remaining (Fig. 8) . From the lethality curve, MBe was found to have an LC 50 of 3.98 mg/l (χ 2 = 18.7; df = 38; P = 0.99) for R. dominica. The 95% confidence interval for the LC 50 was calculated to be 3.68-4.29 mg/l.
Discussion
This is the first study to evaluate MBe as an alternative fumigant for a large range of stored product insects with different life histories. In total, we evaluated the direct effects on survivorship against four species. Overall, R. dominica was most susceptible to MBe, followed by T. castaneum. By contrast, S. zeamais and T. variabile were not as susceptible to the compound. All the species experienced indirect sublethal effects on mobility as a result of exposure to MBe, even if individuals were not outright killed. The presence of food had a dramatic protective benefit from both direct and sublethal effects of MBe fumigation. As a whole, the stored product insects tested here appear to be more resistant to MBe than species in other agricultural systems (Feng and Zhang 2017 , Feng et al. 2018 , Chen et al. 2019 .
The use of MBe appears to have the most promise as a niche product for infestations by R. dominica and T. castaneum. The compound induced high mortality of R. dominica and T. castaneum in the absence of food, and even in the presence of food, when high concentrations were applied, about three-quarters of R. dominica adults ended up being killed. Park et al. (2016) found that that the LC 50 after 24 h for Callosobruchus chinensis L. (Coleoptera: Chrysomelidae) was 35% greater than that found for R. dominica in this study. However, phosphine seemed to be much more effective, because there were no surviving adults after exposure for both R. dominica and T. castaneum. Prior work has determined that susceptible strains of R. dominica have an LC 50 of 0.0054 mg 1 −1 for phosphine (Collins et al. 2002) . However, phosphine-resistant populations of one or both of these species have been found in food facilities in Oklahoma (Opit et al. 2012 , Afful et al. 2018 , Brazil (Lorini et al. 2007 ), Morocco (Benhalima et al. 2004) , Australia (Emery et al. 2011 , Nayak et al. 2017 , and other locations across the world. Strains of R. dominica that are weakly or strongly resistant to phosphine generally have LC 50 in the range of 0.35-13 mg l −1 after a 20-h exposure to phosphine (Ansell 1992 , Collins et al. 2005 , which would make MBe fumigation more competitive. Recently, the use of sulfuryl fluoride, another alternative fumigant, has also recently been demonstrated as effective (Opit et al. 2016) , but a greater number of alternative fumigants would greatly benefit resistance management programs in food facilities. Future work should address the relative efficacy of MBe in controlling phosphine-resistant populations of T. castaneum and R. dominica, compared with phosphine and other alternative fumigants.
By contrast, MBe was not effective at inducing mortality in T. variabile, as well as S. zeamais to a lesser extent. The former was relatively unaffected regardless of whether larvae were exposed to a low, high, or maximal concentrations for 24 or 72 h, with or without food in the flasks. Both of these species and life stages are relatively larger in size than T. castaneum or R. dominica, which has been shown to play a role in the susceptibility of other species (Oliveira et al. 2007) . Prior work has found that adult C. chinensis exposed to methyl 4-hydroxybenzoate, methyl 3-hydroxybenzoate, methyl 2-hydroxybenzoate, and methyl 2-acetoxybenzoate were not effectively killed (Park et al. 2016) . The lack of susceptibility by S. zeamais and T. variabile is in stark contrast to the susceptibility of other tested agricultural species to MBe. For example, most Halyomorpha halys (Stål) (Hemiptera: Pentatomidae) nymphs were killed at a LC 50 of around 55 mg l −1 (Feng and Zhang 2017) in a contact assay, whereas the maximal dose in this study against T. variabile larvae (e.g., 57.9 mg l −1 ) in particular indicated that their LC 50 values must be well in excess of 60 mg l −1 . On the other hand, all the S. zeamais adults were killed with the maximal dose, suggesting that their LC 50 must be lower than this amount. By comparison, in small fruit agroecosystems, blueberries that were pretreated with 1 or 5% MBe resulted in about 100% mortality of D. suzukii after 48 h of exposure (Feng and Zhang 2017) . Feng et al. (2018) found that MBe and some of its related analogs were 1.3-3.4 times more toxic to Lymantria dispar (L.) (Lepidoptera: Erebidae) larvae and H. halys nymphs than commercial pesticides containing pyriproxyfen and acetamiprid. Even nonagricultural pests have been shown to be susceptible to some degree to methyl benzoate. For instance, Castillo et al. (2017) tested essential oil extracts of Cananga odorata (Lam.) Hook & Thompson (Magnoliales: Annonaceae), which was composed of 10% methyl benzoate, against Aedes aegypti (L.) (Diptera: Culicidae), and found that it resulted in 18-56% mortality of pupae, and 0-100% mortality of adults, depending on fumigant concentration and exposure time. Relative to other agricultural and nonagricultural species, it is likely that MBe will be particularly ineffective for T. variabile.
Although assessing the ovicidal efficacy of methyl benzoate was beyond the scope of this study, research has shown encouraging results in targeting the eggs of a variety of pest species. In particular, prior work has found that LC 50 for the eggs of H. halys, M. sexta, and P. xylostella ranged from 0.001 to 0.02 mg ml −1 (Bond 1984) . Future work should assess whether MBe can result in egg mortality or the mortality of hatching larvae for stored product insects.
Two of the species tested here (T. castaneum and S. zeamais) showed sublethal effects of MBe-exposure on mobility of alive and affected life stages, largely mediated by the presence of food at all concentrations of MBe for T. castaneum, and under lower concentrations for S. zeamais. For example, in the case of T. castaneum, individuals exhibited a 60-100% reduction in the distance moved and the velocity of movement in flasks without food compared with controls, whereas there was no discernable pattern when food was present. For S. zeamais, on the other hand, even in the presence of food, there were sublethal decreases in the distance moved and velocity relative to controls. By contrast, T. variabile showed no sublethal changes in behavior after MBe exposure. Prior work has illustrated the importance of understanding the sublethal effects of chemical tools, in addition to the direct effects, on individuals in order to gain a complete picture of efficacy for that tool (Morrison et al. 2017 , Morrison et al. 2018 , and there have been well-grounded calls to collect more of this type of data for stored product insects, because it has historically been lacking (Guedes et al. 2011) . Overall, sublethal effects on movement for these stored product species were dramatic, but only in the absence of food. In addition, the presence of food in very small amounts dramatically attenuated the direct lethal effects of MBe-exposure on three of the stored product species studied. Overall, the presence of food increased survivorship in flasks by 2.5-6-fold compared with those without food. It may be possible that MBe may not penetrate the commodity very well, similar to some other aerosolized liquids and some modified atmospheres used for management of stored product insects (e.g., ozone: Isikber and Athanassiou 2015).
Additionally, it may be that the presence of food helps individuals to detoxify MBe through as-yet-to-be-determined metabolic and genomic pathways, because prior work has commonly documented quick recovery of stored product insects after insecticide exposure in the presence of food (e.g., Arthur 2000) . The presence of food (e.g., sanitation) has been found to significantly affect the efficacy of a wide range of management approaches for stored products, including chemical control techniques such as aerosols, Fig. 7 . The efficacy of a maximal dose of methyl benzoate on the mean (±SE) survivorship of T. castaneum (RFB), S. zeamais (MW), and T. variabile (WHB) in flasks containing a food source after 24 h. An asterisk indicates a significant difference between the two treatments within a species (t-test, Bonferroni correction). fumigants, and grain protectants (Morrison et al. 2019 ). In the future, there may be ways to increase the efficacy of MBe against stored product insects. For example, a thermal fogger could be used when fumigating with MBe to increase its dispersive capacity in an area (e.g., Fulcher et al. 2016) . In postharvest commodities, aerosols are sometimes used (Arthur 2008 , Arthur et al. 2013 , which expel liquid insecticides into a food facility as ultra-low volume droplets on the order of magnitude of several microns. Although aerosols are thought of as a distinct tactic from fumigants, some compounds may exhibit properties that lend themselves for use in each category. For example, MBe is a liquid with direct contact and ingestion toxicity (Feng et al. 2018) , in addition to the fumigant properties assessed in the current study. Aerosolizing MBe may enhance permeation of a food facility space with the compound, allowing it to act both as a fumigant and temporarily as a direct contact insecticide (aerosol) for those individuals on the surface of a commodity simultaneously.
Finally, in addition to efficacy, there are other considerations in developing alternative fumigants for stored product insects in food facilities. In particular, the use of a chemical must be cost-effective for food facility managers, the fumigant must not impart off-odors after use on finished stored products (e.g., Pohjanheimo et al. 2006) , and there must be a willingness to use the new tool. Although the economics of MBe use and sensory properties of finished stored products baked from MBe-treated commodities were beyond the focus of the current study, these issues should be examined in the future to potentially support the use of this compound. Related to the last point, due to the dramatic rise in phosphine-resistant insect populations across the globe, and because of the importance that phosphine continues to play in the global postharvest supply chain (Navarro 2006) , it is likely that stakeholders would be willing to use an alternative fumigant provided that it is effective, reasonably priced, and it does not affect the quality of the commodity. Establishing that each of these factors is true will be important going forward, especially if MBe shows promise as a niche product for R. dominica and T. castaneum.
